Using new Far Ultraviolet Spectroscopic Explorer (FUSE) observations in conjunction with Space Telescope Imaging Spectrograph (STIS) and International Ultraviolet Explorer archive data, we have modeled both components of the binary central star of the planetary nebula A35. The white dwarf (the ionizing star) was modeled using the non-LTE, plane-parallel code TLUSTY. We find its parameters to be T eff ¼ 80 AE 3 kK, log g ¼ 7:70 þ0:13 À0:18 cm s À2 , and ½He=H ¼ À4 AE 1 and C, N, O, Si, and Fe to be underabundant by 2 orders of magnitude with respect to their solar values. This confirms its classification as a DAO white dwarf, and using the Hipparcos distance D ¼ 163 pc, we derive a radius of R WD ' 1:65 Â 10 À2 R and a mass of M ' 0:5 M . The modeling of the far-ultraviolet spectra also constrains the extinction value; E BÀV ¼ 0:04 AE 0:01. Furthermore, the FUSE and STIS data allow us to measure the molecular hydrogen (H 2 ) and neutral hydrogen (H i) column densities along the sight line, the majority of which we believe is associated with the circumstellar material. The FUSE spectrum is best fitted with a two-component model for H 2 , consisting of a cool component (T ¼ 200 K) with log NðH 2 ; coolÞ ¼ 19:6 þ0:1 À0:2 cm À2 and a hot component (T ' 1250 K) with log NðH 2 ; hotÞ ¼ 17:4 þ0:3 À0:4 cm À2 . The H i column density is log NðH iÞ ¼ 20:9 AE 0:1 cm À2 . Assuming a typical gas/dust ratio for the interstellar medium, our value of E BÀV implies that log NðH iÞ ¼ 20:8 cm À2 of this is circumstellar. Our low extinction value and the measured column densities imply that there is essentially no dust in the nebula. Assuming that the neutral and molecular hydrogen is contained in a sphere of comparable dimensions to the ionized shell, we derive the combined mass of the circumstellar H i and H 2 to be $2.7 M . Other geometries, such as a shell surrounding the ionized region, can be excluded. The mass of the ionized hydrogen is d1% that of the neutral material. From comparison with evolutionary calculations, we estimate the progenitor mass to be $3.2 M .
INTRODUCTION A35 (PK 303+40
1)was discovered by Abell (1966) , the prototype of 5-6 known '' A35-like '' objects consisting of a planetary nebula (PN) with a binary nucleus (see Rauch et al. 1999 for a list). Its optical spectrum is dominated by a cool star, classified as a G8 III-IV by Jacoby (1981) , who postulated the existence of a hotter companion responsible for the ionization of the nebula. Grewing & Bianchi (1988) revealed the flux of the hot component in the UV range with their International Ultraviolet Explorer (IUE) observations, and they classified it as a DAO type white dwarf (WD) based on the detected H i and He ii absorption features. The rarity of binary central stars of planetary nebulae (CSPNs) and the potential for such objects as tests for evolution theories has made A35 the target of many detailed studies.
The trigonometric parallax of A35 was measured by Hipparcos (Perryman et al. 1997 ) and corrected by Gatti et al. (1998) for bias according to the work of Koen (1992) to derive a distance of D ¼ 163 þ96 À58 pc, which we adopt in this work. Characteristics of its nebula were reported by Hollis et al. (1996) , who found evidence for shocks and nebular material interacting with the interstellar medium (ISM). The dynamics of the G-type star have been investigated by Gatti et al. (1997) , Bond (1993) , Jasniewicz, Lapierre, & Monier (1994) , and Jasniewicz & Acker (1988) . Interestingly, Vilhu, Gustafsson, & Walter (1991) measured a large projected rotational velocity of V sin i ¼ 90 km s À1 , presumed to be the result of angular momentum transfer from the hot companion. The two candidate mechanisms for this are momentum transfer from the wind of its companion during the asymptotic giant branch (AGB) phase (the '' wind accretion-induced rapid rotation '' scenario; see Jeffries & Stevens 1996 and references therein) or a Roche lobe overflow event (the '' common-envelope '' hypothesis; see Bond & Livio 1990 ). Long-term radial velocity measurements (Gatti et al. 1997) failed to reveal orbital motion (suggesting a lower limit of 10 yr for the period). Gatti et al. (1998) estimated the separation of the two components from the elongation of the G-type star image in the Hubble Space Telescope (HST) PC imager with the F300W filter. Their modeling of the G8-type star's profile constrains the separation to 0>08-0>14, which translates into 13-28 AU (using D ¼ 163 pc). This large separation rules out the '' commonenvelope '' evolutionary scenario. It also implies a very long orbital period, consistent with the lack of detection of orbital motion so far.
Chemical abundances of the nebula reveal surface abundances of the star during different phases in its evolution, and its expansion velocity and physical radius should indicate when the material comprising the ionized shell was '' ejected '' 2 by the progenitor (we derive a kinematic age of $18 kyr; see x 4). Combining the present-day characteristics of the ionizing star and circumstellar material provides the opportunity to form a fairly complete picture of the evolution of a PN system. A35 presents a prime opportunity to infer its progenitor's characteristics and to test models of CSPN evolution, nebular photoionization, and binary interaction.
A key missing piece of this equation has been the parameters of the WD component, presumably the source of the nebula and the ionization source. The IUE spectrum taken by Grewing & Bianchi (1988) shows only the RayleighJeans tail of its energy distribution, sufficient only for a rough, blackbody (BB) approximation of its temperature (d120 kK). We have observed A35's WD with the Far Ultraviolet Spectroscopic Explorer (FUSE; Moos et al. 2000) , extending its flux coverage from the IUE range down to the Lyman limit (915 Å ). This allows us to constrain the parameters of the WD (T eff , log g, abundances) using stellar atmosphere models. Additionally, the imprint of H i and H 2 absorption features in the FUSE range allows us to determine characteristics (e.g., temperatures and column densities) of sight-line material (circumstellar as well as interstellar), putting unprecedented constraints on the evolutionary history of A35.
Parameters for the A35 system compiled from the literature are listed in Table 1 . In some cases, we have scaled values using the latest distance measurement D ¼ 163 pc (Gatti et al. 1998) . When multiple values are presented, those we have adopted throughout this work are shown in bold.
This paper is arranged as follows. The observations and data reduction are described in x 2. Our models and parameter determinations of the WD, the reddening toward A35, the sight-line H i and H 2 column densities, and the G-type star are described in x 3. We take a closer look at the circumstellar environment of A35 in x 4. The implications of our results are found in x 5 and our conclusions in x 6.
OBSERVATIONS AND REDUCTION
We have analyzed data from FUSE program P133 (Bianchi) and archive IUE and HST Space Telescope Imaging Spectrograph (STIS) data, covering a total wavelength range of 905-3230 Å . The spectra presented in this paper are composites of these different data sets. The characteristics of these data and the wavelength range for which each data set was used are summarized in Table 2 . Schneider et al. 1983; (8) Hollis et al. 1996; (9) Cahn et al. 1992; (10) Kaler 1983; (11) Acker et al. 1992; (12) Grewing & Bianchi 1988; (13) Gatti et al. 1997; (14) Schlesinger & Barney 1943 . Moos et al. (2000) and its on-orbit performance discussed in Sahnow et al. (2000) . FUSE collects light concurrently in four different channels (LiF1, LiF2, SiC1, and SiC2), each of which is recorded by two detectors, each divided into two segments (A and B) covering different subsets of the above range with some overlap.
Using FUSE's LWRS (30 00 Â 30 00 ) aperture, we observed A35 as part of Bianchi's P133 program. These data, taken in '' time-tag '' mode, have been calibrated using the most recent FUSE data reduction pipeline, efficiency curves, and wavelength solutions (CALFUSE v2.0.4) .
The FUSE spectra presented in this paper were made by combining the data from different segments, weighted by detector sensitivity, and rebinning to a uniform dispersion of 0.05 Å (which is probably close to the actual resolution since the data were taken in the early part of the mission). Bad areas of the detectors, and those regimes affected by an instrumental artifact known as '' the worm '' (FUSE Data Handbook v1.1), were excluded. During part of the observations, the LiF2 mirror was misaligned, and affected data were also excluded.
The flux calibration accuracy of FUSE is d10% (Sahnow et al. 2000) .
The FUSE spectrum is shown in Figure 1 , along with our model spectrum of the WD star, both with and without our H i and H 2 absorption models applied (x 3.2). Prominent are the strong, broad features of the hydrogen Lyman series (n À 1). The cores of these profiles are from H i absorption along the sight line, while the wings reflect the stellar contribution. Also seen are Balmer (n À 2) lines of He ii at 959, 972, 992, and 1084. The differences seen between the stellar model and the observations are almost entirely due to absorption by H i and H 2 along the sight line. This will be discussed at length in x 3.2. Identified stellar and interstellar features are presented in Tables 3 and 4 , respectively.
STIS and IUE Data
Many archive IUE observations exist of A35's central star, as do four (unpublished, to our knowledge) HST STIS spectra, in the range 1155-1730 Å . We choose two low-resolution IUE spectra that include the central star, taken through the large aperture (10 00 Â 20 00 ) to have absolute flux photometry in the 1150-3300 Å range. In the overlapping region between FUSE and IUE, fluxes are consistent.
The STIS spectra (taken through the 0>2 Â 0>2 aperture with the E140M grating centered at 1425 Å ) consist of two pairs, offset by 2 00 in declination. Their flux levels differ by up to 30%. They have a continuum shape consistent with the IUE SWP spectra over the entire range, but absolute fluxes are lower by a factor of $2. This may be due to poor centering of the central star in the STIS aperture. Scaling the STIS data to match the IUE level reveals the continuum shapes to be identical (see example in Fig. 2 ). This excludes the possibility that the difference in continuum levels is due to nebular contamination in the IUE observationsbecause if that were the case, the continuum shape would be different. A35's nebular continuum is expected to be negligible with respect to the stellar contribution, given its low density (x 4).
The Ly absorption feature is saturated in the STIS spectra but not in the IUE spectra. This discrepancy is caused by H Ly nebular contamination and possible geocoronal emission in the wide slit of the IUE SWP aperture. We have opted to use the higher resolution, higher S/N STIS observations scaled up to the IUE flux level from 1180 to 1700 Å , and the IUE observations from 1700 to 3250 Å .
Description of A35 Spectrum
The combined FUSE/STIS/IUE observations are shown in Figure 3 . The WD flux dominates shortward of 2400 Å , and longward of 2800 Å the G-type star flux can be seen. Our stellar models are also shown along with a blackbody of T eff ¼ 120 kK, as determined by Grewing & Bianchi (1988) by fitting the IUE spectra (Hollis et al. 1996 determined T eff ¼ 150 kK in a similar manner). The difference between our model's flux and the BB flux is significant only below 1200 Å and illustrates the importance of FUSE in revealing the true energy distribution of the WD.
MODELING
The parameters of the central star and those of the intervening material were determined concurrently in the FUSE range. Typically, WDs are modeled via fitting the hydrogen Balmer lines in the optical range (e.g., Bergeron, Saffer, & Liebert 1992) . In the case of A35, however, the flux of the WD is masked beyond 2400 Å by its G-type companion. Thus, we must rely primarily on the Lyman series in the far-ultraviolet (FUV). However, the absorption due to H i and H 2 is so severe as to render the location of the stellar continuum very uncertain (e.g., Fig. 1 ). Such absorption can, in principle, be corrected for and then the WD parameters determined using a 2 minimization algorithm over a grid of stellar models. However, we find the H i and H 2 structure to be complicated to an extent that related uncertainties render such an analysis unfeasible (discussed in x 3.2). We thus adopted a method of iterating between stellar and sight-line absorption models, first estimating the properties of the sight-line material (temperatures, column densities, etc.) and then running a rough grid of stellar models. As the stellar parameters were constrained, the H i and H 2 absorption models were refined and the process repeated until a satisfactory fit (seen in Fig. 1 ) was achieved. Finer model grids around the parameter region were then calculated to estimate errors. A parameter's errors represent models that '' bracket '' all diagnostics of that parameter in a by-eye fit. The derived value of that parameter is then the mean of these extremes.
Although the presence of the plentiful H 2 features limits the accuracy with which the stellar parameters such as T eff and log g can be derived, the errors in the column density measurements have minimal impact on the uncertainties of the stellar parameters and vice versa. This is because the sight-line absorption features are much narrower than the stellar features.
The White Dwarf Model
Our derived parameters for the WD component of the binary system, their uncertainties, and diagnostics used are summarized in Table 5 .
To model the WD central star, we used the TLUSTY (v198) code to calculate the stellar atmospheres and SYN-SPEC (v43) to calculate the synthetic flux (Hubeny 1988; Hubeny & Lanz 1992 Hubeny, Hummer, & Lanz 1994) . TLUSTY calculates the atmospheric structure assuming radiative and hydrostatic equilibrium, and a plane-parallel geometry, in non-LTE (NLTE) conditions. In the case of hot (T eff e50 kK) WDs, LTE calculations are not appropriate and result in significant deviations from NLTE calculations (see, e.g., Dreizler & Werner 1996; Werner 1996; Werner, Heber, & Hunger 1991; Napiwotzki 1997) . This is because in such hot objects, the populations of the ions are mainly determined by the intense radiation field despite the high gravities.
Preliminary modeling indicated the metallicity of this object to be less than 10 À2 the solar value (see x 3.1.2). Under such conditions, it is sufficient to treat only hydrogen and helium in NLTE to calculate the structure of the atmosphere . We thus calculated a grid of models varying T eff , log g, the helium abundance (X He ), and -G8 IV and WD models: the combined FUSE/STIS/IUE observations are shown (heavy gray line). The WD flux dominates shortward of 2400 Å , and longward of 2800 Å the G-type star flux can be seen. We display our Kurucz model for the G8 companion (log g ¼ 3:5 cm s À2 , T eff ¼ 5000 K; dotted line) along with the combined WD and G-type star model fluxes (light solid line). Grewing & Bianchi (1988) fit a T eff ¼ 120 kK blackbody (dashed line) to the IUE spectrum (which only extended down to $1150 Å ). This figure emphasizes the importance of the FUSE data in revealing the true energy distribution of the WD. The models have all been reddened with E BÀV ¼ 0:04 mag, the value we determine from spectral fitting (see x 3.1.3). For clarity, all spectra are convolved with a 3 Å Gaussian and we have used a log scale for the flux. The atomic data used comes from TOPBASE, the data base of the Opacity Project (Cunto et al. 1993) . TLUSTY makes use of the concept of '' superlevels,'' where levels of similar energy are grouped together and treated as a single level in the rate equations (after Anderson 1989) . The included ions and the number of levels and superlevels used are listed in Table 6 . An element listed without levels means it was allowed to contribute to the total number of particles and charge but its opacity contribution was neglected.
We performed tests comparing SYNSPEC's approximate Stark broadening treatment with the extended Stark broadening tables of Lemke (1997) , but only a slight difference to profile shapes resulted; thus, the adoption of the former would not change the derived parameters.
We have adopted SYNSPEC's values for solar abundances, which are taken from Grevesse & Sauval (1998) .
3.1.1. WD Parameters (T eff , log g, R WD )
The diagnostics we used to determine the stellar parameters are summarized in Table 5 . For T eff , we used the continuum shape in the overall range and the hydrogen Lyman spectrum in the FUV range. For the latter, more weight was given to the longer wavelength features because they are stronger and (generally) less obscured by H 2 absorption. Ly is dominated by sight-line (interstellar and circumstellar) absorption and was not used for stellar parameter determinations except as a consistency check. The continuum shape shortward of 1000 Å was also used to fix T eff because the slope of the continuum varies little between models of different temperatures longward of 1000 Å in this parameter regime. Generally, temperatures cooler than our derived range produce stellar absorption features stronger than observed and inadequate flux levels below 1000 Å , while the reverse is true for higher temperatures. The comparison of the continuum flux distribution involves the simultaneous determination of the reddening (discussed in x 3.1.3). We found the best overall fit to occur for T eff ¼ 80 AE 10 kK. This is a somewhat conservative error estimate because models with T eff ¼ 70 kK or T eff ¼ 90 kK do not fit all the features simultaneously. To estimate the error of the T eff determination, we make the assumption that the uncertainty of AE10 kK represents a 3 error bar and conclude that the error is AE3 kK for purposes of error propagation.
To determine the surface gravity, we used the wings of hydrogen Lyman features as our primary diagnostics and those of the Balmer He ii features as checks. We derive log g to lie between 7.0 and 8.0 cm s À2 , with the best fit occurring around 7.7 (see Fig. 4 ). It is difficult to constrain this parameter more tightly because of the H 2 absorptions in the FUV. Making the approximation that this range represents a 3 error bar as above, we derive log g ¼ 7:70 þ0:13 À0:18 cm s À2 . We derive the scaling factor R WD =D ¼ 0:10 AE 0:01 (R kpc À1 ) by scaling the WD model flux levels to those observed, and its uncertainty is set by that of the FUSE flux calibration, i.e., d10% (the uncertainty in E BÀV introduces a smaller uncertainty, about $6%).
Using D ¼ 163 þ96 À58 pc with our scaling factor yields a stellar radius of R WD ¼ 1:6 þ1:0 À0:6 Â 10 À2 R , where the errors reflect the uncertainty in the distance. Using T eff ¼ 80 kK and log g ¼ 7:7 cm s À2 in the mass and luminosity equations (see x 3.3) yields logðL WD =L Þ ¼ 1:0 AE 0:4 and M WD ¼ 0:5 þ:5 À0:4 M , where the errors reflect the large error in R WD (which dominates over those in T eff and log g).
In this section, we discuss our diagnostics and determinations of the WD photospheric abundances and defer their implications to x 5. -log g effects on the Ly profile wings: FUSE data (heavy gray line) and log g ¼ 7:0, 8.0 cm s À2 models (dashed and light solid lines). The displayed models represent the range of uncertainty in our log g derivation. The other transitions of the Lyman and He ii Balmer series are also bracketed by these extremes. Our best fit, with log g ¼ 7:7 cm s À2 , is shown in Fig. 1 . It is difficult to tightly constrain log g further because of the bountiful H 2 absorption features. The emission at the core is geocoronal.
Abundances were determined by holding the parameters of our '' best '' model fixed except for the abundance of the element being studied, which was varied from solar to 10 À3 solar. When we created our model grid (to determine T eff and log g), the metals were treated in LTE because this approximation is valid for low metallicities (as discussed in x 3). However, to correctly produce some of the metal line profiles needed for abundance determinations, it was necessary to treat the element in NLTE. Typically, the strongest feature of a given element was used as the primary diagnostic, with other features used as checks. We also determined the sensitivity of the diagnostics to T eff and log g by comparisons with models at the extremes of our parameter range. Unless otherwise noted, the changes in line strength among these models were small compared to the effects of altering the abundance. All abundances are given by number, with respect to hydrogen.
Our primary X He diagnostics are He ii 1085 and 1640 because these lines are the strongest and least affected by sight-line absorption and blends. Figure 5 shows these lines calculated with X He ¼ 0:1, 0.5, and 1.0 X . He ii 992 was used as a check. A solar value results in too strong an absorption feature and the 0.1 solar value too weak a feature. Consistent fits are achieved with an abundance of 0.3-0.5 X . Figure 6 shows our main C, N, O, and Si diagnostics, and models varying their individual abundances. The only clear carbon feature is C iv 1548.2, 1550.8. A solar X C abundance is clearly too strong, and the fits indicate 10 À3 X < X C < 10 À2 X . C iv 1169, C iv 1108, and 1230 are not seen in the observations, and they appear in the models when X C > 5 Â 10 À3 X . We thus conclude that 5 Â 10 À3 X < X C d10 À2 X . The changes in strength of the C iv resonance doublet over our model's temperature range are small compared to the abundance sensitivity.
The N v 1238.8, 1242.8 feature indicates X N < 10 À3 X . This feature is not sensitive to T eff or log g in our uncertainty range.
Our main oxygen diagnostic, O v 1371.3, implies 5 Â 10 À3 X < X O < 10 À2 X , and this is supported by features of the O iv spectrum as well (e.g., O iv 1338.6, 1343.0, 1343.5, not shown). The O iv spectrum does show some sensitivity to the stellar parameters, however.
The silicon signature is very weak in this object (if present at all). Yet we can increase X Si until Si iv 1393.7, 1402.8 and 1122.5, 1128.3 (not shown) appear in the models, thereby placing a upper limit on its value of X Si < 10 À2 X .
The STIS spectrum between 1260 and 1300 Å contains many relatively weak Fe vi features that, when taken together, can be used to constrain X Fe . Figure 7 shows the effects of altering X Fe . For a solar X Fe , the iron spectral features are too strong, but the 0.1 solar value is consistent with the observations. With further modeling, we constrain the iron abundance to be 0:1 X X Fe 0:5 X .
Reddening (E BÀV )
Measurements of the color excess (E BÀV ) toward A35 tend toward zero (Cahn, Kaler, & Stanghellini 1992; Jacoby 1981) , and Cleary, Heiles, & Haslam (1979) found the maximum E BÀV toward A35 to be 0.10 mag. Milne (1979) reported an E BÀV ¼ 0:8 mag, which Jacoby (1981) concluded was spurious. Given the great sensitivity of the FUV flux to the reddening and that different methods of measuring E BÀV can easily vary by 0.1 mag, we thought it prudent to keep E BÀV as a free parameter. We used the reddening law of Cardelli, Clayton, & Mathis (1989) for the UV assuming R v ¼ 3:1, the standard Galactic value. Although their work was originally valid only for wavelengths longer than 1250 Å , ongoing work has shown that the law may be safely extended through the FUSE range (G. Clayton 2001, private communication) .
For a given model, the reddening can be fitted using the slope of the continuum greater than 1000 Å (which is relatively insensitive to T eff ). The change to the FUV flux is significant. Generally, altering the model's T eff will require a different E BÀV for the best fit, but for most model/E BÀV combinations, one cannot achieve a consistent fit between the flux at the shortest wavelengths (i.e., less than 950 Å ), the sharpness of the flux peak, and the Rayleigh-Jeans tail (i.e., greater than 1000 Å ). Thus, we can be reasonably sure there exist no degenerate sets of parameters for this object (FUSE for 1084.9, IUE for 1640.4) . The dotted, light solid, and dashed lines are models with X He ¼ 0:1, 0.5, and 1.0 X , respectively. A helium abundance more than half the solar value appears to be too enriched, and we estimate X He ¼ 0:4 AE 0:1 X . The fit with our adopted value can be seen in Fig. 1. thanks to the availability of both the FUV and near-UV spectra. Figure 8 shows the effects of a difference in E BÀV of 0.02 mag in the FUSE range.
Modeling H 2 and H i Absorption toward A35
The FUSE spectrum displays a rich signature of molecular hydrogen toward A35, which originates from the Lyman
The presence of features associated with rotational states up to J ¼ 15 of the ground vibrational state and some features up to the second vibrational state indicate an intervening hot molecular gas, which we presume to be circumstellar. There are also signs of a cooler component (a single-temperature model could not explain the observed spectrum). Sight-line H i dominates the cores of the hydrogen Lyman spectrum. We applied the effects of different H 2 and H i models to our stellar model and compared with observations to derive the characteristics of the gases. The results are listed in Table 7 . The effects of H i and H 2 absorption were applied to the model spectrum in the following manner. For a given column density (N) and gas temperature (T), the absorption profile of each line is calculated by multiplying the line core optical depth ( 0 ) by the Voigt profile ½Hða; xÞ, where x is the frequency in Doppler units and a is the ratio of the linedamping constant to the Doppler width (the '' b '' parameter). The observed flux is then F obs ¼ exp½À 0 Hða; xÞ F intrinsic .
Because the H i column density determination is insensitive to temperature, we determine N(H i) by assuming TðH iÞ ¼ 80 K (corresponding to the mean temperature of the ISM; Hughes, Thompson, & Colvin 1971) and fitting the Ly profile of the STIS data, as shown in Figure 9 . We derive log N tot ðH iÞ ¼ 20:9 AE 0:1 cm À2 . A similar procedure, applied to models at the extremes of our stellar temperature range (i.e., 70 and 90 kK), still results in values that lie within the error determinations.
Once the H i characteristics were determined and its absorption applied to the model stellar spectrum, the H 2 spectrum was analyzed. Upon the identification of the more energetic features, a curve-of-growth (COG) analysis was performed in an attempt to determine the properties of the molecular gas. Figure 10 shows the resulting COG for the Lyman bands (a COG for the Werner band, not shown, is consistent). Normally, one fits the data for each J state to the best COG via 2 minimization with the column density of that state as a free parameter. We found that for most J states, however, it was impossible to fit the data using one COG, the reasons for which we discuss below. Thus, we stress that these plots are mainly qualitative and were made by plotting data from a given rotational state (J) and horizontally shifting them (the equivalent of changing the number of absorbers in that state) until rough agreement was attained between the different J states.
The plot displays much scatter that we believe is intrinsic for the following reasons: (1) The radial velocity of A35 is too small ($À6 km s À1 ; Bohuski & Smith 1974; Schneider et al. 1983 ) for FUSE to separate the circumstellar and interstellar features; thus, they are blended; and (2) the circumstellar material is most likely far from homogeneous and possesses a temperature gradient (Hollis et al. 1996) . Thus, the blending would contaminate the COG analysis of the Fig. 8. -Fitting E BÀV : FUSE data (heavy gray line) with models reddened with different E BÀV values: 0.02, 0.04, and 0.06 mag (dashed, light solid, and dotted lines). All spectra are convolved to 3 Å for clarity. Models normalized to the observations at 2400 Å . A small difference in E BÀV has significant consequences on the FUV flux. The same column densities applied to our T eff ¼ 70, 90 kK stellar models still bracket the observations-i.e., the stellar contribution to Ly is small compared to that due to sight-line material, and the column density can be well constrained. This effect can also be appreciated from the Ly profile in the FUSE range (Fig. 1) .
lower J states, while the higher J states are probably affected by a complex temperature structure of the circumstellar gas.
Initial investigations showed that the H 2 spectrum could not be fitted by a single-component model. To get a handle on the properties of the H 2 , we thus computed two-component models, consisting of a hot and a cool component. We applied the absorption effects of different H 2 models to our synthetic stellar model and performed profile fits to the observations. Nearly all H 2 features are blended with others, so we looked at how all features were fitted collectively rather than using individual diagnostic lines. This process was done in steps. First, a lower limit to the temperature of the hot gas was determined from the presence of features originating from the more energetic states. With a temperature thus fixed, the column density of the hot gas was derived based on these features (see Fig. 11 for example). We then derived the parameters of the cool component by fitting the low-energy features after applying the absorption effects of the hot component. We initially assumed the temperature of the cool gas to be 80 K (the average temperature of Galactic interstellar H 2 ; Savage et al. 1977; Spitzer & Cochran 1973) . However, further iterations provided a better fit with T ' 200 K. Given the low reddening toward this object, this is probably indicating that at least part of the cool component is also associated with the nebular material.
All features cannot be fitted simultaneously with a single set of parameters. The errors for the sight-line H i and H 2 in Table 7 represent the parameter space needed to satisfactorily cover all diagnostic features.
The implications of these results will be discussed in x 5.
The G8-type Companion Star
With the WD and reddening parameters set, we can now place further constraints on those of the G-type star (BD À22 3467, or LW Hya). We tried different Kurucz models (Kurucz 1991) in the temperature parameter range listed in Gatti et al. (1998) , scaling them to m v ¼ 9:6 mag (Jacoby 1981) after reddening them using our value of E BÀV ¼ 0:04 mag. Figure 3 shows the ultraviolet observations, the bestfit Kurucz model (T eff ¼ 5000 K, log g ¼ 3:5 cm s À2 ), and the spectrum resulting from combining our WD model with the G-type star model. The scaling factor for the G-type star is R G8 =D ¼ 1:6 Â 10 À2 (R pc À1 ). Assuming Using the binary component separation of 0>10 (Gatti et al. 1997) , the total of our derived masses of the WD and G8 IV stars (0:5 þ 0:8 ¼ 1:3 M ) imply that the current binary would have a minimum period of P $ 58 yr (Gatti et al. 1998 derived P > 40 yr assuming a combined component mass of 3 M , which is probably close to the initial system mass).
THE CIRCUMSTELLAR ENVIRONMENT OF A35
Using log F ðHÞ ¼ À11:3, He=H ¼ 0:11 (by number; Cahn et al. 1992) , F ðH=HÞ ¼ 4:98 (Acker et al. 1992) , D ¼ 163 pc (Gatti et al. 1998) , R PN ¼ 7<5 (Hollis et al. 1996) , and E BÀV ¼ 0:04 and assuming T e ¼ 10; 000 K, we estimate the upper limit of the mass of the nebula to be M ionized ' 0:07 M for a filling factor of 1 (assuming a spherical geometry and a homogeneous distribution). Using the Bohuski & Smith (1974) [O iii] measurement for the expansion velocity of the nebula (v exp ¼ 4:2 km s À1 ), we derive a kinematic age of t k ¼ R PN =v exp ' 86; 000 yr. Note that t k is a very rough approximation of the actual post-AGB age, as the nebular shell is thought to initially undergo acceleration as it evolves, and it has been suggested that at this stage A35 is undergoing reverse expansion (Hollis et al. 1996) .
Although we cannot separately measure the amount of circumstellar versus interstellar H i, we can estimate these values in the following manner. Using the relationship hNðH iÞE BÀV i ¼ 4:8 Â 10 21 cm À2 mag À1 (Bohlin, Savage, & Drake 1978) , which represents typical conditions in the ISM, our value of E BÀV ¼ 0:04 mag yields N IS ðH iÞ ¼ 1:92 Â 10 20 cm À2 . Subtracting this amount from our measured total column density of N tot ðH iÞ ¼ 7:94 Â 10 20 cm À2 gives N circ ðH iÞ ¼ 6:02 Â 10 20 cm À2 . This calculation assumes that the dust responsible for the E BÀV ¼ 0:04 mag is interstellar. This is a safe assumption because old PNs are not expected to contain much dust (Ciardullo & Jacoby 1999) . Note that using the Bohlin et al. (1978) relation the reverse way, our measured N tot (H i) predicts a reddening of E BÀV ' 0:16 mag, which is clearly too high for this object. This tells us that the majority of H i toward A35 does not have the same relationship with dust as Galactic interstellar H i, supporting this assumption. If some dust is circumstellar, then our value for N circ (H i) is a lower limit.
For the H 2 , we assume that the hot component is entirely circumstellar [NðH 2 ; hotÞ ¼ 2:5 Â 10 17 cm À2 ]. We estimate the amount of circumstellar H 2 of the cool component as we did for the H i. Using NðH 2 Þ=E BÀV h i¼ 5:0 Â 10 20 cm À2 mag À1 (Bohlin et al. 1978 ) with E BÀV ¼ 0:04 mag gives N IS ðH 2 Þ ¼ 2:0 Â 10 19 cm À2 . Subtracting this component from our measured NðH cool 2 Þ ¼ 4:0 Â 10 19 cm À2 yields N circ ðH 2 ; coolÞ ¼ 2:0 Â 10 19 cm À2 (i.e., half of the H 2 is circumstellar). Adding the cool and the hot component (which is negligible), we conclude that the amount of circumstellar H 2 is N circ ðH 2 Þ ¼ 2:0 Â 10 19 cm À2 . Bohlin et al. (1978) estimate an error of 6% in their relationship and state that the data show a typical scatter of $30%. However, for low E BÀV (the regime of interest), their plots show substantial scatter. They believe that this error is insignificant because of the errors in the estimates of E BÀV , but for purposes of error analysis we shall adopt the more conservative uncertainty of 30%. This value was used in propagating the errors listed for the derived interstellar and circumstellar components of H i and H 2 in Table 7 .
From the above measurements of the circumstellar gas column densities, one can estimate the mass contained in the circumstellar neutral material. To do so, we must assume a suitable geometry and distribution for the H i and H 2 .
Molecular hydrogen has been mapped around various PNs using the v ¼ 1 0 Sð1Þ line (at 2.12 lm). In these studies, the H 2 was found to trace the same morphology of the ionized region (Storey 1984; Webster et al. 1988; Zuckerman & Gatley 1988; Speck et al. 2002) . In most of their $10 cases, Webster et al. (1988) found the H 2 image size to be d10% larger than the optical (N ii, H ii) size. The maps published by Zuckerman & Gatley (1988) show that for NGC 6853 (the Dumbbell Nebula) and NGC 2346, the H 2 emission extends out 2-3 times the extent of the ionized gas. Their contours are logarithmically spaced, however, so the majority of the emission appears to be coming from close to the ionized region. For NGC 6720 (the Ring Nebula), the H 2 contour maps cover the [O i] image, and Zuckerman & Gatley (1988) model the emission as coming from a shell. A35 most closely resembles the Ring Nebula morphologically. Speck et al. (2002) studied the (young) Helix Nebula and found the H 2 emission to come from within the ionized region and suggest that this emission comes from clumps shielded by ionized and neutral hydrogen. In this model, both the atomic and molecular hydrogen are contained within the ionized radius. Schneider et al. (1987) performed an H i study of $20 PNs using the 21 cm line and generally found the radio size to roughly correspond to the optical size.
In light of the above, we shall assume that (1) the distribution of neutral material is spherical as is A35's nebula and (2) the atomic and molecular hydrogen are similarly distributed. In the absence of molecular or atomic hydrogen maps of A35, we feel that this is a fair first approximation. As a check, we also calculated the circumstellar hydrogen masses for different geometries, using N circ ðHÞ ¼ N circ ðH iÞ þ 2N circ ðH 2 Þ ¼ ð6:42 AE 2:01Þ Â 10 20 cm À2 . These include a homogeneous sphere of the nebular radius (R PN ¼ 7<5), various shells with outer radii equal to the nebular radius, and shells with inner radius that of the nebular radius. Sample results for a range of cases are summarized in Table 8 , which includes the hydrogen density (hn H i) derived by dividing N circ by the shell thickness. The $30% in N circ carries through to hn H i and M H and has been omitted from the table for clarity. As can be seen, the homogeneous sphere of the nebular radius yields the smallest mass (M H ' 2:7), and as will be discussed in x 5, this is in best agreement with evolutionary calculations. This result, combined with our previous estimate of the mass of the ionized material (M ionized ' 0:07 M ), implies that !99% of the circumstellar mass is not ionized. constrain the neutral molecular gas to within the ionized (visible) shell. Therefore, either the material survives the outward acceleration and ionization by the supersonic wind in shielded pockets (as proposed for the Helix Nebula by Speck et al. 2002) , or else a reverse expansion phase sets in at a later evolutionary stage. The latter scenario was proposed for A35 by Hollis et al. (1996) , who suggested that the nebular expansion has been halted and reversed by ram pressure from the ISM and that the expelled material is now sweeping back through the ionized region. Our measurements of the parameters of the WD and circumstellar shell provide, to our knowledge, for the first time an accurate accounting of the progenitor's mass, thanks to our multiwavelength data set and the precise (parallactic) distance determinations. It appears that the WD evolution has not been significantly affected by the lower mass G8 IV companion, providing further evidence that A35 is a wide binary system and probably did not undergo a commonenvelope phase (as suggested by Gatti et al. 1998 ).
